Very little is known about the molecular origin of the large phenotypic differentiation between genotypes arising from somatic chromosome set doubling and their diploid parents. In this study, the anatomy and physiology of diploid (2x) and autotetraploid (4x) Rangpur lime (Citrus limonia Osbeck) seedlings has been characterized. Growth of 2x was more vigorous than 4x although leaves, stems, and roots of 4x plants were thicker and contained larger cells than 2x that may have a large impact on cell-to-cell water exchanges. Leaf water content was higher in 4x than in 2x. Leaf transcriptome expression using a citrus microarray containing 21 081 genes revealed that the number of genes differentially expressed in both genotypes was less than 1% and the maximum rate of gene expression change within a 2-fold range. Six up-regulated genes in 4x were targeted to validate microarray results by real-time reverse transcription-PCR. Five of these genes were apparently involved in the response to water deficit, suggesting that, in control conditions, the genome expression of citrus autotetraploids may act in a similar way to diploids under water-deficit stress condition. The sixth up-regulated gene which codes for a histone may also play an important role in regulating the transcription of growth processes. These results show that the large phenotypic differentiation in 4x Rangpur lime compared with 2x is not associated with large changes in genome expression. This suggests that, in 4x Rangpur lime, subtle changes in gene expression may be at the origin of the phenotypic differentiation of 4x citrus when compared with 2x.
Introduction
In plants, it is estimated that polyploidy occurs in 50-70% of angiosperms (Masterson, 1994) . Polyploids are environmentally selected because of their genome plasticity (Leitch and Leitch, 2008) leading to selective advantages over 2x usually associated with enhanced vigour. However, although a high percentage of speciation events are accompanied by an increase in ploidy, there is no direct evidence that polyploid lines enjoy greater net species diversification (Wood et al., 2009) . Tetraploids may be allopolyploids or autopolyploids and may result either from sexual reproduction via 2n gametes or by duplication of the entire nucellar chromosome set. Allopolyploids inherit different subgenomes after interspecific hybridization whereas subgenomes of autopolyploids arise from the same species.
There are numerous studies dealing with genetic and epigenetic changes associated with polyploidization in newly created allopolyploid materials (Lukens et al., 2006; Wang et al., 2006; Wendel, 2009, Rapp et al., 2009) . Likewise Ni et al. (2009) recently proposed that hybrids and allopolyploids gain advantages from the control of circadian-mediated physiological and metabolic pathways, leading to vigorous growth and increased biomass.
According to Adams et al. (2003) , these changes in gene expression are potentially advantageous in allopolyploids because partitioning of ancestral functions or expression patterns may occur between duplicated genes (subfunctionalization) so both are retained. After duplication, two gene copies can become specialized to perform complementary functions (Ward and Durrett, 2004) ; hence, the partitioning of functions and/or expression patterns between duplicated genes can occur. This can lead to the preservation of both loci, which may also be regulated in a tissue-specific manner (Adams et al., 2003; Hovav et al., 2008; . This may also favour adaptation to environmental changes. Furthermore, expression of homeologous genes in allopolyploids may be regulated by divergent and regulatory elements associated with different subgenomes (Stupar et al., 2007; Rapp et al., 2009) . Currently, genome expression changes in allotetraploids are considered to be more strongly affected by genome hybridization than by genome ploidy changes (Auger et al., 2005) . Thus, interactions among genomes are considered to play an important role in the development of new phenotypes in allopolyploids (Chen, 2007) . There has been much research into genome expression and evolution of allopolyploids in cotton (Gossypium L.) plants in the last decade (Adams et al., 2003; Flagel et al., 2008; Rapp et al., 2009) . However, research into the expression of homeologous genes in allotetraploids and their connection with phenotype making is just beginning.
Studies aimed at identifying changes in genome expression patterns of autotetraploids are less numerous than for allotetraploids (Guo et al., 1996; Albertin et al., 2005; Stupar et al., 2007; Riddle et al., 2010) . Investigation in polyploid series in potato (Solanum tuberosum L.) or in maize (Zea mays L.), using microarrays showed that gene expression changes were very limited (Stupar et al., 2007; Riddle et al., 2010) . These results suggest that autopolyploids derive all of their alleles from a single species and may undergo fewer alterations in their regulatory networks, resulting in very limited changes of gene expression between autotetraploid and diploid genotypes (Stupar et al., 2007) . Therefore, according to these authors, gene expression changes observed in between 2x and 4x genotypes could be attributed to nuclear dosage and ploidy-driven cellular modifications leading to physiological changes such as cell size, division rate, or organellar composition.
Citrus scion varieties are grown on rootstocks to overcome biotic and abiotic problems (Levy and Syvertsen, 2004; Tadeo et al., 2008) . The Rangpur lime rootstock produces a fast-growing tree, and it is considered to be a relatively water-deficit-tolerant rootstock (BoscariolCamargo et al., 2007) . This is the most widely used rootstock in Brazil, the leading citrus producer in the world. Citrus rootstocks are propagated by polyembryonic seeds since citrus are partially apomictic. Spontaneous autotetraploid (4x) plants arise in seedlings from diploid apomictic genotypes with a frequency varying from 1% to 7% (Barrett and Hutchinson, 1982; Saleh et al., 2008) . These 4x arise from chromosome set doubling of nucellar cells (maternal tissue) (Cameron and Soost, 1969) . Thus, spontaneous doubled diploid clones obtained from specific diploid citrus species are considered to be genetically identical to each other, with the same genome expression profile. Moreover, almost all the seedlings that arise from the seeds of 4x mother trees are also 4x (Schwartz et al., 2001) . Consequently, citrus is a very interesting species to compare the phenotypes and transcriptomes of 4x versus 2x genotypes immediately after the tetraploization event.
Observations of important changes in citrus 4x include thicker and greener leaves, larger fruit and depressed growth compared with 2x (Cameron and Frost, 1968; Ollitrault and Jacquemond, 1995) . Leaves of 4x citrus are thicker and their mesophyll cells have a larger volume (Romero-Aranda et al., 1997) . Additionally, 4x citrus seedlings have lower growth rates and lower rates of whole-plant transpiration than their respective 2x parents (Syvertsen et al., 2000) .
In this study, plant anatomy and morphology was investigated as well as leaf physiology in 2x and 4x Rangpur lime seedlings. More specifically, the intention was to clarify the impact of the difference of cell size between both genotypes on plant water flux and, therefore, on plant growth and development. Genome expression patterns of 2x and 4x Rangpur lime seedlings were also studied to identify the genes exhibiting ploidy-dependent expression profiles that may explain the differentiation between 2x and 4x.
Materials and methods

Plant material and growth conditions
Seeds from diploid (2x) (IVIA-334) and autotetraploid (4x) (IVIA-516) of Rangpur lime (Citrus limonia, Osbeck) were collected from trees of the IVIA germplasm collection, Spain. Originally, the autotetraploid genotype (4x) was selected among a population of seedlings from the diploid genotype at IVIA. Seeds were planted in substrate (sand, turf, and peat, 1:1:1 by vol.) in a greenhouse for 4 months. The genetic composition of 4x seedlings compared with 2x was analysed using 10 previously published SSRs (Simple Sequence Repeats) markers: Ci02A09, Ci02D04B, Ci02D09, Ci02G12, Ci03C08, Ci03D12a, Ci0G05, MEST121, MEST431, and MEST458 (Froelicher et al., 2008; Luro et al., 2008) . The ploidy status of 2x and 4x plants was checked and confirmed by flow cytometry (Partec I).
Fifteen uniform 2x and 4x seedlings were selected and transplanted into the same commercial soil. Potted seedlings were grown in the greenhouse under a natural photoperiod, with maximum/minimum air temperatures of 18/16°C and 29/24°C, during the night and day, respectively, and relative humidity varying between 40% and 85%. Plants were irrigated with a standard nutrient solution composed of 3 mol m -3 Ca(NO 3 ) 2 , 3 mol m -3 KNO 3 , 2 mol m -3 MgSO 4 , 2.3 mol m -3 H 3 PO4, 17.9 mmol.m -3 Fe-ethylene diamine dihydroxyphenyl acetic acid, and trace elements.
Plant growth rate, leaf stomatal conductance, quantum yield of photosystem II electron transport, leaf water content, leaf thickness and greenness, stomatal size and density The increase in stem length of 6-month-old 2x and 4x plants was measured using a ruler periodically over 40 d. Leaf stomatal conductance (g s ) was also monitored using a leaf porometer (SC-1, Decagon Device) for 20 d. Total leaf greenness was measured using a SPAD meter (Minolta, SPAD-502, Japan). The quantum yield of photosystem II electron transport (F m /F v ), which represents the Photosystem II activity, was checked every day using a leaf fluorometer (Fluorpen FP 100, Photos System Instrument) (Percival, 2005) . Each measurement (Greenness, g s and F m /F v ) was taken on three mature leaves per plant and five to six plants per genotype (15-18 replicates). Also, relative leaf water-loss of 2x and 4x was calculated by periodically measuring the fresh weight of ten detached leaves during 100 h of desiccation at 25°C. The leaf thickness and leaf area of 10 leaves of each genotype were measured using a micrometer (Mitutoyo, IP65, Japan) and by scanning using the Image J software (http://rsbweb.nih.gov/ij/), respectively. Slides for the analysis of stomatal size and the number of stomata per unit of leaf surface area (stomatal density) were prepared according to Morillon and Chrispeels (2001) . A total of 60 stomata were measured from three different slide preparations.
Leaf, stem and root anatomy Samples of leaves, petiole, and internodes from representative 2x and 4x Rangpur lime plants were taken at the level of the third and fourth internode (from the top). Fine roots (;1 cm length) were also collected. Samples were fixed and embedded in Micro-Bed resin (Electron Microscopy Sciences, Forth Washington, Pa., USA) according to Tadeo et al. (1995) . Sections (about 1 mm thick) were cut with a Leica RM2255 microtome (Leica Microsystems, Wetzlar, Germany) using glass knives and fixed to microscope slides. Cross-sections of leaf blades and cross-sections of internodes were stained with 0.05% Toluidine Blue O (CI 52040; Merck, Darmstadt, Germany), examined and photographed with a Leica DM LA microscope (Leica Microsystems, Wetzlar, Germany). The morphometrical analysis was performed on highly contrasted micrographs from at least three different samples of each three organs, with the Leica IM software (Leica Microsystems, Wetzlar, Germany).
RNA extraction and labelling
In order to investigate differences between the transcriptomes of the 4x and the 2x genotypes, total RNA was purified from leaves. Four independent biological replicates were harvested at the same time (from 18.00-20.00 h) of the day to prevent any potential interference of circadian rhythms. Samples were stored at -80°C and total RNA purification and a quality assessment were performed as previously described by Brumó s et al. (2009) .
Microarrays hybridization and analysis
The citrus genome-wide cDNA microarray that includes 21 081 putative unigenes was used (Martinez-Godoy et al., 2008) . This microarray has proved to be very useful and efficient for comparison of Citrus species, since they are genetically very close each other (Barrett and Rhodes, 1976) and therefore Citrus orthologous genes have a high level of identity (Martinez-Godoy et al., 2008) . Furthermore, the microarray was constructed from many libraries obtained from several species, and the origin of the different ESTs was not taken into account during contig assembly and analysis (Martinez-Godoy et al., 2008) . Total RNA (25 lg) was labelled as previously described by Forment et al. (2005) . To avoid dye-related artefacts, 2x and 4x samples were dye-swapped and used to hybridize four slides. Microarray hybridization and washings were performed as previously described by Forment et al. (2005) .
A GenePix 4000B microarray scanner (Axon Instruments, Inc.) and the GenePix Pro 4.1 acquisition software were used to scan the chips according to Forment et al. (2005) . Only spots with a background-subtracted foreground intensity greater than two in at least one channel were selected and used for normalization and further analysis. Briefly, raw data were imported into the R computing environment for pre-processing, visualization, and statistical analysis. To identify probes showing significant differential gene expression between samples (Smyth, 2004) , only microarrays with optimal hybridization data were pre-processed and normalized for further analyses. With this aim, the Linear Models in Microarrays (LIMMA; Smyth, 2005) software package was used. Signal intensity, background correction, uniformity of the expression ratio over the chip surface, and normality of M-value distributions were evaluated. M-value was defined as the logarithm in base-2 of the 4x versus 2x expression ratio. Reproducibility between replicates that were assessed indicated that the experimental system provided consistent signals in spots corresponding to the same gene and acceptable low variability between biological replicates (not shown). Differences in gene expression were considered significant when the P-value was less than 0.05 and the M-value >|0.5|.
Functional analysis
Gene ontology term annotations (GO; Ashburner et al., 2000) of array features and function-based analysis of microarray results were carried out with Blast2GO (Conesa et al., 2005) . The GO terms for each of the three main GO categories (biological process, molecular function, and cellular component) were obtained from sequence similarity using the application default annotation parameters. The GO annotations were completed by locally running homology searches specifically against the Tair Arabidopsis thaliana (L. Heynh) database, appending InterProScan functional results to GO annotation (Quevillon et al., 2005) and applying the Second Layer Gene Ontology augmentation strategy (Myhre et al., 2006) , all three functions are available within the Blast2GO software. GO term enrichment analysis of significant differentially expressed genes was performed with Fisher's Exact Test (Blüthgen et al., 2005) also included in the Blast2GO application.
Real-time reverse transcription-PCR
A set of six genes observed to be up-regulated in microarray analysis was selected for qRT-PCR in order to validate the microarray results. Genes chosen for qRT-PCR were searched among all sequences in the non-redundant databases using the BLASTN and TBLASTX algorithms and in the citrus EST database (CFGP database, Citrus Functional Genomic project, http://bioinfo.ibmcp.upv.es/genomics/cfgpDB/bioinfo. ibmcp.upv. es). The primers used in real-time qRT-PCR (see Table 4 ) were defined using the software Oligo Explorer (Gene Linkä, http:// www.genelink.com/tools/gl-oe.asp) to select primer pairs with the lowest possible number of potential primer dimers and primer hairpins.
q RT-PCR was performed with a LightCycler 2.0 Instrument (Roche) equipped with LightCycler Software version 4.0 according to the previously reported procedure (Colmenero-Flores et al., 2007) .
Statistical analysis
SIGMASTAT from SPSS (Chicago; www.spss.com_software_ science) was used to analyse the physiological data. Student's t test and the Mann-Whitney rank sum test were used to detect differences between the genotypes at the usual probability level P¼0.05.
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Tetraploid acquisition, plant growth rate, and leaf physiology Analysis of the genetic constitution of 2x and 4x genotypes using SSRs molecular markers showed that marker profiles were identical between 2x and 4x genotypes (data not shown) proving that the 4x genotype is an autotetraploid stemming from chromosome set doubling of somatic cells of the diploid genotype. Using flow cytometry, no 2x plant was found among seedlings obtained from seeds of the tetraploid mother tree. However, one 4x plant was found among 45 seedlings obtained from seeds of the 2x mother tree. This 4x was removed from the plot.
Six-month-old 4x seedlings were smaller than the 2x genotypes. No delay in germination was observed between 2x and 4x seeds even though 4x seeds were found to be much bigger than 2x (data not shown) and should have led initially to larger 4x seedlings than 2x. Therefore, germination cannot be at the origin of the differences in growth rate between 2x and 4x (Fig. 1A ). Phenotypic differences between 2x and 4x genotypes such as, higher greenness of 4x leaves ( Fig. 1B ; Table 1 ), shorter 4x internodes (Fig. 1C) , and thicker 4x secondary roots (Fig. 1C) , were observed. Moreover, the faster growth rate of 2x plants was correlated with higher stomatal conductance in 2x than in 4x ( Fig. 2A,  B) . Finally, the total dry weight of 4x and 2x plants was measured and no significant difference was found (respectively, 18.160.9 and 1961.4 g DW), stems being heavier in 2x and roots being heavier in 4x.
An investigation of leaf physiology showed that values of leaf greenness, leaf thickness, and quantum yield of photosystem II electron transport were greater in 4x compared with 2x, even though the total leaf surface area was similar (Table 1) . Immediate weighing of 2x and 4x detached leaves showed that 4x were clearly heavier than 2x (Fig. 2C) . Detached leaves were then placed in the laboratory at 25°C. After 1 h, it was observed under the microscope that the stomata of detached leaves of 2x and 4x were closed (data not shown). During the next 24 h, detached leaves of 4x lost water much faster than those of 2x though the cuticle. After 4 d, leaf weight did not differ significantly between 4x and 2x leaves (Fig. 2C) . The measurement of leaf dry weight by surface area also did not reveal any significant difference between 2x and 4x genotypes (Table 1 ). In addition, 4x leaves presented a 60% increase in stomata size and a 70% decrease in stomata density per area when compared with 2x (Table 1) .
Leaf, petiole, stem, and root anatomy
The leaf blade was significantly thicker in 4x than in 2x plants because of the bigger size of the palisade parenchyma, lacunar parenchyma, and epidermal cells (Fig. 3A,  B ; Table 2 ). However, although the cell wall of 4x epidermal cell seemed to be thicker than in 2x, the thickness of the leaf cuticle was not significantly different between 2x and 4x (Fig. 3A , B insets, Table 2 ). It is also worth noting that the percentage of the lacunar area was not significantly different. In 4x the leaf central vein (diameter and area) and vessel area percentage were smaller than in 2x (Fig. 3C,  D ; Table 2 ). For the petiole (diameter and surface), the xylem cell area and the vessel area percentage were not significantly different between both genotypes. However, the cortex cell area and the medulla cell area were significantly smaller in 2x when compared with 4x, mostly because the 2x cells were smaller ( Fig. 3E, F ; Table 2 ).
The inspection of stems revealed that, although the length, width, and total stem area did not differ between 2x and 4x, the cortical cell area, the xylem cell area, the epidermal cell area, and cuticle thickness were significantly larger in 4x than in 2x stems (Fig. 4A , B insets; Table 2 ). In addition, although the medulla cell area and the vessel area percentage appeared to be smaller for 2x stems compared with 4x, their areas were not significantly different (Table 2) .
Root diameter, cortex cell area, and epidermal cell area were much greater in 4x than in 2x (Fig. 4C, D) . Only the xylem cell area and vessel area percentage did not differ significantly between 2x and 4x (Table 2) .
Microarray experiments and gene expression analysis
Investigation of genomes expression between 2x and 4x using microarray showed that the maximum rate of gene expression change (up-or down-regulated genes) was within the M-value <|2.0|range. When comparing 4x versus 2x Rangpur lime seedlings, 229 genes were found to be Physiology and gene expression in citrus autotetraploids | 2511 differentially expressed. Given the clear physiological and anatomical differences described before, this could be interpreted as a relatively limited number of differentially expressed genes. There were 151 overexpressed genes (107 annotated) in 4x with respect to 2x, while the remaining 78 genes (41 annotated) were overexpressed in 2x with respect to 4x. Functional classification of genes was performed using Blast2GO (B2G), a research tool designed to enable Gene Ontology (GO) based data mining (Conesa et al., 2005) . To identify those functional categories that were significantly enriched in the groups of differentially induced or repressed genes, Fisher's exact tests with Multiple Testing Correction were performed using B2G software. However, no enriched functional category was found (data not shown), probably due to the small number of genes and the dispersion of their functions. In order to identify relevant categories, the Annotation Graph Score implemented in the Blast2GO application was used (Gotz et al., 2008) . This application identifies GO terms showing strong annotation intensity by assessing the number of genes annotated to a given GO term and the specificity (position in the GO DAG) of the term. Relevant functional categories were identified as those having an Annotation Graph Score higher than or equal to three and an ontology hierarchical level greater than four (Table 3) . For the category response to abscisic acid stimulus, five genes were specifically induced in the 4x genotype while none was overexpressed in the 2x genotype. In related categories like response to stress and response to abiotic stimulus (hierarchical level <4) a higher number of genes were also overexpressed in the 4x genotype. Other relevant categories were involved in processes related to transcription, translation, and post-translational protein modification. These categories were also over-represented with genes that were overexpressed in 4x plants, in particular, those involved in the regulation of transcription and chromatin structure such as nucleosome assembly (Table 3) . Therefore, six genes were selected that belonged to the most over-expressed genes in 4x in order to confirm microarray data by real-time reverse transcription-PCR (qRT-PCR) (Table 4 ). Previous studies (Fan et al., 2005 (Fan et al., , 2006 Lokko et al., 2007; Zhu et al., 2007; Shuppler et al., 1998; Shen and Gorovsky, 1996) demonstrated that five of these genes, coding for a cinnamoyl-CoA reductase (CCR), a peroxidase precursor (Px63), a plastocyanin chloroplast precursor (PC), a chlorophyll A-B binding protein (Lhca2) and a cell-division cycle 2 protein kinase (Cdc2K), were water-stress regulated while the sixth, coding for a H1 histone, is involved in gene-expression regulation. Quantitative data were normalized and the resulting expression values were correlated with the microarray expression log (2) ratios. qRT-PCR analysis in leaves confirmed the up-regulation observed with microarrays, although this up-regulation was very limited as observed by using microarrays (Fig. 5) .
Discussion
A number of recent studies has demonstrated the impact of allopolyploidization in new genome regulation (Adams et al., 2003; Flagel et al., 2008; Rapp et al., 2009) associated with epigenetic reformatting (Chen, 2007) and new regulation network implementation (Landry et al., 2007) . Interspecificity origin rather than ploidy variation is proposed to be the cause of variability (Albertin et al., 2006) . However, 4x genotypes, no matter whether they are allotetraploid or autotetraploid, are usually found as having large phenotypic differences compared with their corresponding 2x. This would indicate that some important changes reported in polyploids, compared with their related diploids, such as larger cells, lower stomatal density (Romero-Aranda et al. , 1997; Chen, 2007) , increased chloroplast number per cell, and an increase in chlorophyll content (Jellings and Leech, 1984; Mathura et al., 2006) may be the result of polyploidy per se.
Effect of tetraploidy on water flux in plants
During the day, under well-watered conditions, when stomata are open and water flow in the plant tissues is mostly apoplastic, water flux through 4x leaf tissues probably does not limit plant growth or development (Morillon and Chrispeels, 2001) . In 4x, the vessel area percentage of the leaf's central vein was found to be significantly smaller compared with 2x (Table 2 ). According to Steudle and Peterson (1998) , in organs such as leaves, vessels offer a much smaller resistance to longitudinal water flow than the transcellular and apoplastic routes in the palisade parenchyma. Therefore, it may be assumed that the limited xylem area in the 4x central nerve observed here, did not affect leaf water flow. In a recent study it has been shown in several species that the maximum stomatal conductance to water vapour is negatively correlated with stomatal size (Frank and 
Beerling, 2009
). These authors also demonstrated that, under non-limiting atmospheric CO 2 , low densities of large stomata would optimize the leaf stomatal conductance to CO 2 and would then favour photosynthesis. Indeed, it was observed that values of leaf greenness and quantum yield of photosystem II electron transport were greater in 4x compared with 2x even though the leaf surface area was similar (Table 1) . For leaves of equivalent area, it is shown that stomata were bigger in 4x and their density was lower, resulting in lower g s values (Fig. 2B) , which may be at the origin of the smaller plant size of 4x seedlings compared with 2x (Table 1 ; Figs 1A, 2A) . However, it is interesting to note that the total plant dry weight of 4x was similar too: in 2x, the stem was heavier than in 4x and the root was heavier in 4x than in 2x.
In citrus, a low CO 2 assimilation rate was found to be due to a lower conductance of CO 2 transfer from the intercellular leaf airspaces to the site of carboxylation (Loreto et al., 1992; Syvertsen et al., 1995) . A greater internal resistance to CO 2 diffusion from the stomatal cavity to the site of carboxylation inside the leaf tissues would be an expected consequence in thick and dense 4x leaves. Autotetraploid mesophyll cells presented larger volumes than in 2x leaves (Romero-Aranda et al., 1997) , suggesting that 4x genotypes have a greater leaf-water content (Burquez, 1987) . Indeed, it was observed that fresh detached 4x leaves presented a greater cuticular water loss rate than 2x (Fig. 2C) . In addition, in 4x Rangpur lime, it is shown that the percentages of leaf parenchyma cell area and epidermis cell area were greater than in 2x (Table 2) . The measurement of the leaf dry weight by surface area did not reveal any significant difference between 2x and 4x (Table 1) . Altogether, these results indicate that the 4x leaf tissue is not denser than 2x. Interestingly, the total plant dry weight of 4x was similar to 2x, suggesting that even though g s values and plant height were lower in 4x, growth and development in these plants were not limited.
In plants of the same size, a limited transpiration in 4x compared with 2x should lead to a more limited water consumption in the 4x genotype. This genotype showed higher leaf cellular water content but presented a greater leaf water loss (Fig. 2C) . However, a thicker cuticle was not observed in 4x leaves compared with 2x (Fig. 3A , B, insets; Table 2 ) as observed between 2x and 4x stems (Fig. 4A , B, insets; Table 2 ). Numerous studies have shown that a thicker cuticle is associated with more limited leaf-water loss and thus, this is advantageous to plants subjected to water shortage (Kerstiens, 2006; Baker and Procopiou, 2000) . Therefore, the similar thickness of 2x and 4x leaf cuticles that is associated with a greater leaf water content in 4x leaves than in 2x leaves may explain the greater water loss in 4x during leaf desiccation. Smaller stomata are supposed to respond quicker (Franks and Farquhar, 2007) and then 4x stomata were expected to respond more slowly than 2x.
Citrus 4x seedlings had previously been investigated for salt stress tolerance when compared with their 2x parents (Saleh et al., 2008) . 4x seedlings were observed to be more tolerant to 50 mM salt stress than their 2x parents when they were grown in soil and watered twice a week. In a recent study (Mouhaya et al., 2010) , tolerance to high salinity was investigated in well-irrigated 2x and 4x citrus (willow leaf mandarin, trifoliate orange as well as their allotetraploid somatic hybrid FLHORAG1) and it was observed that 4x seedlings were certainly more sensitive to salt stress than 2x, as they accumulated more toxic ions and were more affected than 2x. It is suggested that, in these specific stress conditions (high salinity without water limitation), even though the water potential was probably reduced due to the high NaCl concentration applied, transpiration was still operating, and a high quantity of sodium and chloride was transferred to the leaves. In the experiments of Saleh et al. (2008) , plants certainly experienced a salt stress associated with water deficit, leading to an improved regulation of gas exchange and to a more limited uptake of ions, finally leading to a better salt stress tolerance in 4x genotypes. In the present study, our observations under the microscope showed that, after 1 h, detached leaves of 4x and 2x genotypes had closed stomata. Therefore, it may be expected that, in water-deficit conditions, until the complete closing of stomata, 4x would lose less water than 2x through the transpiration stream, allowing 4x plants to keep more water available in the pot in the next steps of the stress.
When stomata are closed, for instance in water-deficit conditions, the ratio of trans-cellular water flow/apoplastic (Morillon and Chrispeels, 2001) . In a single organ, for a given distance, if it is assumed that hydraulic conductivity of the plasma membrane is unchanged between 2x and 4x, then greater cell size would favour cell-to-cell water exchange, since the main limitation would be the number of membranes to cross . It may then be expected that, in high humidity conditions with a limited transpiration stream, bigger cells in organs would speed up cellular water exchange and would favour cellular osmoregulation and plant stem elongation. Indeed, it was observed that, under high humidity (80%, T¼25-27°C), 4x citrus seedlings (trifoliate orange, Carrizo citrange, and Cleopatra mandarin) were growing faster than 2x seedlings (Saleh et al., 2008) , suggesting that, in those conditions, faster cellular elongation occurred.
Effect of tetraploidy on the leaf transcriptome
Using 10 SSRs markers, no difference was observed between 2x and 4x genotypes, thus confirming the status of doubled diploid of the tetraploid Rangpur lime under study. Some studies performed in Isatis tinctoria (L.) and Paspalum notatum (Flü ggé) showed, respectively, 4% and 0.6% variations in transcript abundance between autotetraploid and diploid, using the Arabidopsis thaliana whole genome gene chip from Affymetrix (Lu et al., 2006; Martelotto et al., 2005) . In our study, when the transcriptomes of 2x and 4x genotypes were compared, the results of the microarray analysis showed that only about 1% of the transcriptome was expressed differentially; with gene expression changing in a range less than 2-fold. The number of differentially expressed genes and the rate of gene expression change were similar to those obtained in two previous studies performed on potato and maize which showed that leaves of autotetraploid plants exhibited similar expression patterns to diploids with a very limited range of expression change (Guo et al., 1996; Stupar et al., 2007; Riddle et al., 2010) , although genetic variations for the morphological response to ploidy change were correlated in Zea mays (Riddle et al., 2006) . The expression of several candidate genes involved in salt stress tolerance were also investigated in two diploid genotypes, their respective autotetraploids, and the allotetraploid (Mouhaya et al., 2010) . Again, most of the changes in gene expression took place in the allotetraploid, whereas very limited changes were observed in 4x compared with 2x genotypes. Furthermore, proteomic analysis of green tissues in autopolyploid cabbages showed that the proteomes were not altered (Albertin et al., 2005) .
It was not possible to find any enriched functional profiles in the set of differentially expressed genes, probably due to the small number of genes and/or the dispersion of their functions. However, among the over-expressed ESTs, some relevant categories like 'response to ABA stimulus', 'nucleosome assembly' (Table 3) , and 'abiotic stimulus' were identified. Genes belonging to these categories were used to confirm microarray results through qRT-PCR (Table 4 ). All these genes exhibited overexpression in 4x, confirming microarray results and suggesting that 4x Rangpur lime may be Physiology and gene expression in citrus autotetraploids | 2515 pre-adapted to abiotic constraints. Indeed, cinnamoyl-CoA reductases that are encoded by CCR genes (Fig. 5) are key enzymes of lignin biosyntesis (Wadenback et al., 2008) and play a part in cell wall structure. In maize roots, CCR genes were shown to be up-regulated by water deficit, which would lead to a progressive inhibition of wall extensibility and root growth and may facilitate root acclimation to dry environmental conditions (Fan et al., 2006) . In a study on cassava under drought conditions, several ESTs coding for a plastocyanin chloroplast precursor (PC) and a Chlorophyll A-B binding protein (Lhca2) were shown to be up-regulated by water deficit (Lokko et al., 2007) . Px63 encodes a peroxidase precursor, one of those enzymes known to be involved in the removal of H 2 O 2 that is synthesized in response to environmental stresses. An investigation of reactive oxygen species such as H 2 O 2 content and detoxification enzymes in 4x Dioscorea zingiberensis (CH Wright) indicated that 4x plants possessed a stronger antioxidant defence system and increased heat tolerance (Zhang et al., 2010) . Thus, the constitutive over expression of Px63 may be involved in better detoxification processes in 4x Rangpur lime. The fifth gene that was investigated, the histone H1 gene, was shown to lead to decreased plant growth and leaf cell size, as well as an increased number of chloroplasts per cell when over-expressed in tobacco (Slusarczyk et al., 1999) . Changes in histone H1 gene expression have been shown to lead to changes in transcription regulation (Shen and Gorovsky, 1996) . Investigation of the effect of histone H1 depletion in mouse embryonic stem-cells showed that dramatic structural changes, including reduced local chromatin compaction and decreases in certain core histone modification occurred (Fan et al., 2005) . Although global DNA methylation remained unchanged, methylation of specific genes regulated by histone H1 was reduced. These authors took it to indicate that linker histone can participate in epigenetic regulation of gene expression. Therefore, it may be expected that subtle changes in gene expression of histone H1 (H1F) in 4x Rangpur lime might also lead to slight alterations in other genes responsible for the differences between 2x and 4x. The last gene investigated, the cell-division cycle-2 protein kinase (Cdc2K), was found to be phosphorylated under water-deficit conditions and contributed to reducing cell-division activity in wheat (Shuppler et al., 1998) . In mice, the circadian clock has been shown to control the expression of cell-cycle related genes which, in turn, modulate the expression of active Cycline B1-Cdc2 kinase, a key regulator of mitosis (Matsuo et al., 2003) . Interestingly, Ni et al. (2009) recently proposed that allopolyploids of Arabidopsis thaliana gain advantages from the control of circadian-mediated physiological and metabolic pathways, leading to vigorous growth and increased biomass. Thus, slight over-expression of Cdc2K in 4x Rangpur lime may also be involved in the specific phenotype of 4x genotypes since the total plant dry weight of 4x observed herewas similar to 2x even though 4x plant size was smaller than 2x.
Altogether, qRT-PCR experiments showed that changes in gene expression between 4x and 2x were very limited (Fig. 5) . Therefore, those subtle changes in gene expression of specific genes, such as that coding for H1 histone, might cause the dramatic phenotypical changes observed in polyploids. Overall, the results presented above show that the morphological changes induced by tetraploidy in citrus Rangpur lime are certainly not related to major dramatic changes in relative gene expression. Moreover, this work suggests that the changes in the 4x phenotype may have important consequences on plant water flux. Only one pair of 2x and 4x of citrus seedlings were examined and further investigations are therefore required to confirm the results regarding other diploid/autotetraploid combinations. Our previous work suggested that tetraploidy in citrus conferred a better tolerance to salt stress when it is associated with water shortage (Saleh et al., 2008; Mouhaya et al., 2010) . Accordingly, future research should investigate 4x citrus seedlings and rootstocks grown under water-deficit conditions, in order to confirm their potential interest for citrus growers.
